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Abstract of JP 5067472 (A) 
PURPOSETo prevent degradation of fuel cell 
performance by forming two porous electrode layers 
of both a<n> Ni+YSZ constitution and a Ni+basic 
aggregate constitution on the surface of an 
electrolytic base material. CONSTITUTION:The first 
porous electrode layer of a<n> Ni+YSZ constitution 
and the second porous electrode layer of a<n> 
Ni+basic aggregate constitution are formed on the 
surface of an electrolyte base material. An electrode 
reaction function is given to the first layer, and a 
reforming catalyst function of carbon proof 
deposition property is given to the second layer, and 
hydrocarbon is prevented from coming into contact 
directly with the first layer by adopting an electrode 
structure, and electrode reaction is highly activated 
between quasi reforming hydrogen and oxygen ion, 
so that degradation of fuel celf performance can be 
prevented. 
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54 Title of the invention 

Fuel Electrode for Solid Electrolyte Fuel Cell 
57 Abstract 

Objective To provide a fuel electrode for a solid electrolyte fuel cell which prevents 
direct contact by hydrocarbons with the reaction active layer of the fuel electrode and 
highly activates the electrode reactions between quasi-reformed hydrogen and oxygen 
ions, that is able to reduce the S/C ratio and that is able t o prevent d eterioration in the 
performance of the fuel electrode " — 

Constitution A fuel electrode for a solid 
electrolyte fuel cell characterized in that a 
first porous electrode layer that contains 
yttria stabilized zirconia aggregate and 
particle of nickel or oxides thereof is 
formed on the surface of a solid 
electrolyte substrate, and in that a 
second porous electrode layer that 
contains basic aggregate and particles of 
nickel or oxides thereof is formed on the 
surface of the first porous electrode layer 




Claims 

Claim 1 A fuel electrode for a solid electrolyte fuel cell characterized in that a first 
porous electrode layer that contains yttria-stabilized zirconia aggregate and particle of 
nickel or oxides thereof is formed on the surface of a solid electrolyte substrate, and in 
that a second porous electrode layer that contains basic aggregate and particles of 
nickel or oxides thereof is formed on the surface of the first porous electrode layer 
Claim 2 A fuel electrode for a solid electrolyte fuel cell as in Claim 1, further 
characterized in that one or a plurality of aggregates selected from MgAI 2 0 4j CaAI 2 0 4l 
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Mg02Ti0 2 , MgOZr0 2 and Ce0 2 are used as the basic substrate that forms the second 
porous electrode layer 

Detailed description of the invention 
0001 

Relevant area of industry 

This invention relates to fuel electrodes for fuel cells, and more particularly to high 
temperature solid electrolyte fuel cells (solid oxide fuel cells, hereinafter referred to as 
'SOFC') that use coal gasification gas and natural gas as primary fuels. 

0002 
Prior art 

As the example illustrated in Figure 12 shows, an SOFC is composed of a solid 
electrolyte material 2 that is encased in an air electrode 1 and a fuel electrode 4. 3 is 
an intermediate interconnector and 5 is a porous tabular or tubular substrate. Stabilized 
zirconia with 8 mol% of Y 2 0 3 in solid solution (hereinafter referred to as 'YSZ') which is 
conductive for oxygen ions is widely employed as the solid electrolyte material 2. A 
perovskite type complex oxide that is stable in high temperature oxidizing atmospheres 
and that is highly electrically conductive is used for the air electrode 1, and a mixed 
nickel and YSZ cermet for thermal compatibility with nickel and YSZ is used for the fuel 
electrode 4. La-Cr based perovskite oxides are typically employed for the intermediate 
interconnector 3. Such cells function at approximately 1000° C, with air or oxygen 
being supplied to the air electrode side and hydrogen being supplied to the fuel 
electrode side. 

0003 

The fuel supplied to fuel cells is principally hydrogen, but as fuel cells have become 
larger, coal gasification gas and natural gas, and also hydrogen produced from the 
hydrogen reformation of naphtha have been used. Two methods are employed for the 
production of hydrogen from natural gas and so forth; the external reformation process 
in which hydrogen that has been reformed outside the fuel cell is supplied, and the 
internal reformation process in which hydrogen is reformed directly inside the fuel cell 
and electricity is generated. The internal reformation process is particularly suited to 
high temperature fuel cells, and possesses the following characteristics. 

(1) Small size of plant 

(2) High efficiency of hydrogen production using heat from the fuel cell 

(3) Reduction in cell cooling load capacity due to the endothermic effects of the 
reforming reaction 

(4) Greater efficiency of electricity generation plant (compared with external 
reformation) 

0004 

However, the fuel electrode chamber which forms the fuel channel for the fuel cell is 
composed principally of the fuel electrode and the connecting material such as the 
interconnector and so forth. The fuel electrode material consists of Ni metal cermet and 
YSZ aggregate in order to maintain compatibility with the thermal expansion rate of the 
electrolyte (YSZ), with the Ni component of the cermet generally being between 30 
vol% and 50 vol%. Fuel cell electrolyte materials for fuel cells that consist of Ni and 
YSZ compositions are known, but no other practical examples apart from these exist at 
present. 



0005 
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Problems to be solved by the invention 

The entire cell reaction in a fuel ceil proceeds in the following manner through the 

movement of the oxygen ions in the electrolyte: 

Oxygen pole: 0 2 (g) + 2e = O 2 ' 

Fuel pole: H 2 (g) + O 2 " = H 2 0 + 2e 

Entire reaction: H 2 (g) + 0 2 (g) = H 2 0 (g) 

(Where, e is electron and g is gas) 

Hydrogen and oxygen are the active materials in the fuel cell. The oxygen pole side 
presents no particular problems because it is able to use the oxygen in the air. The fuel 
pole side also presents no particular problem if it is supplied with pure hydrogen that 
has been produced by the hydrogen production process described above. 

0006 

However, as fuel cells become larger, and actual fuels such as coaf gas gasification gas 
and natural gas or town gas are used directly as fuels, the impurities contained in the 
hydrogen fuel, such as CH 4 and other light hydrocarbons as well as SOx cause 
problems with the poisoning of the fuel electrode materials. In particular, when 
hydrocarbons such as natural gas and so forth are reformed directly and electricity is 
generated as in the internal reforming process, the residual CH 4 which is a component 
of the fuel causes deterioration of the fuel electrode material. This is due principally to 
the deposition of carbon in the fuel electrode. 

0007 

Ni catalysts on carriers of heat-resistant oAI 2 0 3 and cordierite (2MgO-2AI 2 0 3 -5Si0 2 ) 
have hitherto been known as hydrogen gas reformation catalysts for light hydrocarbons 
such as CH 4 , and industrially practical catalysts in which basic alkaline and alkaline 
earth metals such as K 2 0 and MgO and so forth and Ru metal are added in order to 
prevent the deposition of carbon are employed. A further approach to preventing 
carbon deposits is by thermodynamic manipulation of the operation, by increasing the 
S/C ratio (steam/carbon molar ratio) or the C0 2 /C ratio, causing the amount of steam 
supplied to further exceed the stoichiometric ratios. 

0008 

While the use of Ni metal as the active component of the catalysts for fuel electrode 
materials does not cause any particular problems as regards the reforming function in 
fuel cell, when acidic YSZ is used in the aggregate for the electrolyte carrier, carbon is 
relatively readily generated which has a serious impact on the service life of the fuel 
ce lt. The following problems exist with the solutions found hitherto to dealing with 
carbon deposits in fuel cells, and these solutions are subject to severe limitations. 

(1) Thermal compatibility cannot be maintained with the addition of additives and the 
carriers of the prior art. 

(2) Such carriers and additives cannot withstand high temperature environments of not 
less than 1000° C and solid solution reactions with the adjoining substrate form by- 
product impurities. 

(3) Increasing the S/C ratio leads to decreases in the thermal efficiency and output of 
the cell due to loss of latent heat from the excess steam and reduction in the 
concentration of active substances in the cell. 

0009 

Consequently the following measures must be taken in order to prevent deterioration in 
the fuel cell materials in the internal reform process in particular, as the size of fuel cells 
is increased. 
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(1) Thermal stability and compatibility of thermal expansion rates with the adjoining 
substrate, and particularly the electrolyte (YSZ) 

(2) Resistance to solid solution reactions with the adjoining substrate, particularly the 
YSZ, interconnector and Ni 

(3) High power collection performance 

(4) High activity and resistance to carbon deposition of the hydrogen gas reforming 
catalyst 

(5) Low C/S ratio (-> 1 to 2) 

(6) High fuel electrode performance (reduction in overvoltage) 
0010 

The inventors of the present invention proposed in Japanese Patent Application No. 3- 
41855 proposed electrode materials for fuel cells, such electrode materials containing 
spinel compounds such as MgAI 2 0 4 and CaAI 2 0 4> which exhibit low thermal expansion 
and that are basic, as a solution to these problems. Thus in the fuel electrode material 
consisting of a composftion of Ni metal particles and the aforementioned basic 
aggregate, the aggregate exhibits a lower thermal expansion ratio than YSZ which 
cancelled out the thermal expansion ratio (13.9 x 10' 6 0 C" 1 ) of NiO (nickel oxides are 
usually formed when electrodes are manufactured) and it was possible to match the 
thermal expansion ratio of the electrolyte YSZ. Moreover, the aforementioned spinel 
compounds being basic exhibited excellent resistance to carbon deposits and are able 
to maintain consistent hydrogen reforming catalytic activity and electrochemical 
catalytic action even at low S/C ratios. Furthermore, Japanese Patent Application No. 
2-238999 proposed similar electrode materials, with Ce0 2 being employed as the 
electrode aggregate. 

0011 

However, an important discovery was made during the process of evaluating the 
performance of the electrodes with such electrode material. Thus, the electrode 
materials of the prior art that are composed of Ni metal and YSZ aggregate act very 
effectively in the fuel cell reaction (H 2 + O 2 " = H 2 0 + 2e) which is the elementary step in 
the cell reaction, but the electrode performance of aggregates other than YSZ, and in 
particular that of aggregates that are substantially close to insulators, tended to be 
rather poorer than the performance of the aggregates of the prior art. Thus the present 
invention is intended to provide fuel electrodes for solid electrolyte type fuel cells that 
meet the requirements described above for the prevention of deterioration while 
maintaining the existing electrode performance. 

0012 

Means employed in order to solve the problems 

Thus the present invention is a fuel electrode for a solid electrolyte fuel cell 
characterized in that a first porous electrode layer that contains yttria-stabilized zirconia 
aggregate and particle of nickel or oxides thereof is formed on the surface of a solid 
electrolyte substrate, and in that a second porous electrode layer that contains basic 
aggregate and particles of nickel or oxides thereof is formed on the surface of the first 
porous electrode layer. 

0013 

On the basis of this discovery, the inventors of the present invention conducted 
research into electrode materials that would meet the aforementioned requirement for 
preventing deterioration and discovered that composite oxides of Mg02Ti0 2 and 
MgOZr0 2 were also effective as basic aggregates with thermal expansion ratios 
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equivalent to that of YSZ. Consequently, one or a plurality of aggregates selected from 
the group consisting of MgAI 2 0 4 , CaAI 2 0 4 , MgO-2Ti0 2l MgOZr0 2 and Ce0 2 may be 
used as the basic substrate that forms the second porous electrode layer. 

0014 
Action 

Figure 1 is a schematic drawing showing an expanded cross section of a fuel electrode 
which is a practical embodiment of the present invention. Such fuel electrode is 
composed of a first porous electrolyte layer with a (Ni + YSZ) structure on the surface of 
the electrolyte substrate and a second porous electrolyte layer with a (Ni + basic 
aggregate) structure, the first porous electrolyte layer possessing an electrode reaction 
function and the second porous electrolyte layer possessing a carbon deposit resistant 
reforming catalytic function, and the use of this electrode structure prevents the direct 
catalysis of the hydrocarbons by the first porous electrolyte layer, increases the activity 
of the electrode reaction between the quasi-reformed hydrogen and the oxygen ions, 
and is able to prevent deterioration of the fuel cell performance and the fuel electrode 
performance. 

0015 

The present invention uses fuel electrode aggregate possessing a thermal expansion 
ratio equivalent to that of electrolyte YSZ (10 x 1 0" e ° C" 1 ) or lower whereby it is possible 
to include NiO therein to the extent of the prior art or to a greater extent, and as a result, 
it is possibfe to adequately match the thermal expansion ratio to that of the electrolyte 
and there is virtually no load due to thermal stress. Moreover, at temperatures of 
between 1000° C and 1500° C, a thermodynamically stable electrode material is 
provided with no deposits of impurities due to solid solution reactions with the adjoining 
substrate being detected, and hence there is no problem whatsoever in the production 
of fuel cells that require high temperature treatment. The Ni which forms the conducting 
medium possesses electricity collection properties equal or superior to those of the prior 
art and hence possesses good metallic electric conducting properties. 1 Hence the 
material properties of the fuel cells envisaged by the present invention are equal or 
superior to those of the prior art and do not present any particular impediment to the 
design of fuel cells. 

0016 

The most particular action of the present invention is the maintenance of resistance to 
the deposition of carbon and the high performance of the fuei electrolyte in the internal 
reforming reactions when operated with a low S/C ratio as below. The internal 
reforming reactions in the fuel cell proceed as below in the fuel electrode chamber. In 
this case, the primary fuel is CH 4 but the final reaction process is similar in 
hydrocarbons that possess two or more carbons. 
Reforming reactions 

CH 4 + H 2 0 -> CO + 3H 2 (1) 

CO + H 2 0 ^ CO z + H 2 (2) 
Electrode reactions 

H 2 + O 2 ^ H 2 0 + 2e (3) 

CO + O 2 ' -> C0 2 + 2e (4) 

0017 
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In the internal reforming reactions in such fuel cells, the reforming reactions (1) and (2) 
and the electrode reactions (3) and (4) occur successively, with reactions (1) and (2) 
being essentially no different from the normal hydrogen gas reforming reactions. 
Consequently, carbon is also formed by the same mechanisms as on ordinary 
reforming catalysts and this is displaced to the fuel electrode only. The principal 
mechanisms leading to the formation of carbon are the contact cracking of the 
hydrocarbons and the dismutation reaction of CO. The contact cracking of 
hydrocarbons in particular occurs most readily at high temperatures of 1000° C. Such 
contact cracking occurs principally as a result of the process of the dehydrogenation of 
the CHx that is strongly adsorbed to the surface of the Ni metal. The greater is the 
value of the x (<4) in the CHx, the greater is the reactivity of the steam and the shift to 
reforming of formula (1) with the result that no carbon is formed, whereas carbon is 
formed more readily when the value of x is low. Moreover, the carbon formation 
process is further promoted when an acidic aggregate such as YSZ is adjacent to the Ni 
metal. However, when a basic aggregate is introduced in the present invention, the 
electron supply action from the basic aggregate to the Ni metal moderates the 
dehydrogenation reaction of the CHx and renders the steam more active, with the result 
that the formation of carbon is restricted. 

0018 

On the other hand, of the fuel electrode reactions (3) and (4), the reaction of (3) is 
particularly determining. The active reaction site is adjacent to the boundary surfaces 
of the three phases, gas phase/Ni/YSZ and consequently the interval in the three phase 
boundary surfaces should be in either the electrode/electrolyte or electrode film 
thickness directions. This demonstrates that the electrode materials of the prior art that 
were composed of Ni metal and YSZ aggregate are highly effective in the electrode 
reaction. When the electrode materials envisaged by the present invention are used 
alone, the active reaction site is restricted to the two-dimensional region at the 
boundary surface between the electrode and the electrolyte, and the active reaction 
point is somewhat smaller than that of the prior art. Hence „. 2 is of course 
advantageous in ensuring the separation of the boundary surfaces of the three phases, 
and is able to maintain electrode performance as in the prior art. 

0019 

Thus in the fuel electrodes envisaged by the present invention, a second porous 
electrode layer that possesses a reforming catalytic function that resists the deposition 
of carbon is formed upon a first porous electrode layer that possesses an electrode 
reaction function, which prevents the hydrocarbons from coming into contact with the 
first porous electrode layer while rendering the electrode reaction in that layer highly 
active and preventing deterioration of the fuel electrode. 

0020 

Practical Embodiments 

Manufacture of fuel electrodes 

The following describes an example of the method of manufacture of the fuel electrodes 
that were provided for the practical embodiments. NiO was used for the Ni source and 
YSZ (8 mol% Y 2 0 3 -Zr0 2 ), MgAI 2 0 4 , CaAI 2 0 4l MgO-2Ti0 2 and MgOZr0 2 powders were 
used as the aggregate as the starting materials. The diameter of these raw materials 
was generally within the range 0.1 jum to 2 //m. The MgOZr0 2 was a solid solution, 
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with the MgO forming a maximum of 20 mol% of the solid solution. First, the powdered 
NiO and aggregate raw materials and a polyacrylic dispersing agent were blended 
together in the desired proportions, and were then mixed and dispersed in a wet ball 
mill to yield a uniform slurry. 

0021 

In order to evaluate the physical properties of the material, this slurry was thoroughly 
dried and was screened to 100 jjm to 150 jum\ an organic binder was added to this and 
it was pressure moulded (or cold isostatic pressed (CIP)) and was then sintered at 
1300° C to 1400° C for the desired time. The amount of binder added, the raw material 
particle size and the sinter temperature and time were varied to restrict the porosity and 
pore diameter of the sinter cake to 10% to 20% and not more than 1 /an respectively in 
order to simulate compositions of the porous electrode. Because NiO is reduced in fuel 
gas atmospheres consisting of hydrogen or CH 4l the porosity and pore diameter of the 
final sinter cake were increased to 20% to 30% and 1 //m to 2 pirn respectively. This 
was similar to the conditions used in the manufacture of electrodes. The electrical 
conductivity and thermal expansion rates of the were evaluated as the physical 
properties of the electrode materials in the practical embodiments, with test pieces 
being cut and shaped into rectangles (3 mm x 3 mm x 1 5 mm) from the sinter cakes. 

0022 

The electrodes were manufactured in the following manner after the completion of the 
mixing described above. First, the desired amounts of organic binder and plasticizer 
were added to the mixed slurries, the mixtures were again mixed in a ball mill, and the 
mixtures were adjusted to suitable slurry viscosity by defoaming treatment. The 
mixtures were formed into sheet form by means of a doctor blade and were dried. After 
drying, the green sheets were pressure bonded to green YSZ sheets (100 /jm) that had 
been prepared previously, and were sintered for approximately 2 to 3 hours at 1300° C 
to 1400° C to yield the fuel electrodes. The two-layer electrode structure envisaged by 
the present invention was prepared by pressure bonding the NiO + YSZ green fuel 
electrode sheets to YSZ sheets and then by pressure bonding NiO + various basic 
aggregate sheets onto the tops of the Ni + YSZ sheets and then sintering the sheets in 
the manner described above. In addition to this method of preparation, Ni + YSZ 
electrodes were first prepared, Ni + basic aggregate slurries were then applied directly 
to the electrode surfaces and the electrodes were sintered, whereby it was also 
possible to obtain a similar two-layered structure. The film thickness of the final single 
electrode layer so achieved was approximately 100 jum, the thickness of the Ni + YSZ 
electrode layer being 50 and the thickness of the Ni + basic aggregate electrode 
layer being 50 jum for a total of 100 ^m in the two layered electrode structure. When 
the Ni + basic aggregate layer was too much thinner than this, it affected the 
deterioration of the Ni + YSZ layer. Moreover, it should be noted that the performance 
of the electrodes declined if the Ni + YSZ layer too much thinner than this again. In all 
cases, the porosity and pore diameter of the electrodes set by reduction to a porosity of 
20% to 30% and a pore diameter of 1 /tfn to 2 /^m, similarly to the sinter cake described 
above. 

0023 

Measurement of the thermal expansion coefficient and electrical conductivity of the fuel 
electrode material 

Table 1 lists the thermal expansion coefficients and electrical conductivities of the fuel 
electrode materials. The thermal expansion coefficient was the temperature coefficient 
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of the rate of thermal expansion between 20° C and 1000° C or 1100° C. The thermal 
expansion coefficient of the YSZ that formed the electrolyte material was 10 x 10' 6 0 C" , 
with the thermal expansion coefficient being found to be close to this value in all cases. 
In the Ni + YSZ aggregate layer of the prior art, the aggregate itself was the electrolyte 
and hence, when excess Ni {or NiO) was introduced for reasons of high conductivity, 
this created the dilemma that the divergence from the listed thermal expansion ratio 
increased, but because MgAI 2 0 4 and CaAI 2 0 4 are low thermal expansion materials, 
even if greater amounts than hitherto of Ni (or NiO) are introduced, it is still possible to 
match the thermal expansion ratio of the YSZ of the substrate. 

0024 

Electrical conductivity was measured by the four terminal DC method at 1000° C in an 
H 2 atmosphere. Naturally, electrical conductivity increases as the amount of Ni is 
increased, but with the amount of Ni that matches the thermal expansion ratio of the 
YSZ with MgAI 2 0 4 and CaAI 2 0 4 , an electrical conductivity of not less than 1000 S/cm is 
achieved. Hence the use of MgAI 2 0 4 and CaAI 2 0 4 in the aggregate of the fuel 
electrode enables both the matching of the thermal expansion ratio of the YSZ and high 
electrical conductivity, which was not possible hitherto. Moreover, while other fuel 
electrode materials such as MgO-2TiO z , MgO Zr0 2 and Ce0 2 and so forth impose 
somewhat different constraints on the scale of fuel cells that can be manufactured, that 
is on the surface area of the cells and the thicknesses of the films of the constituent 
materials, they in general exhibit physical properties that do not cause any impediment 
to the manufacture of cells containing Ni within the range described in Table 1 . 



0025 

Table 1 



Basic aggregate 


Range of Ni in 


Thermal expansion 


Electrical 


composition (vol%) 


ratio (10*° C" 1 ) 


conductivity (S/cm) 


MgAI 2 0 3 


35-60 


10-12 


1000-2500 


CaAI 2 0 3 


35-60 


10-12 


1000-2500 


MgOTi0 2 


35-60 


11-12 


0.1 - 2500 


MgOZr0 2 


20-45 


11-12 


0.1 - 2500 


Ce0 2 


20-45 


12 


300 - 600 


YSZ (comparison 


20-45 


11-12 


0.1-2500 


material) 









0026 

Structure of electrode 

In the following examples, typical compositions of electrode materials were investigated 
having regard to the results listed in Table 1. Table 2 lists the Ni contents. No 
particular differences were observed in material and electrical conductivity properties 
between CaAI 2 0 4 and MgAI 2 0 4 , and as they are similar in crystallography, they have 
been omitted. As MgAI 2 0 4 and MgO Ti0 2 were particularly effective for insulation, they 
are shown as practical embodiments in the two layer structure. 



0027 

Table 2 



Sample No. 


Aggregate 


Ni content (vol%) 


a 


YSZ (comparison material) 


35 


b 


MgAI 2 0 4 


35 


c 


MgTi0 2 


35 
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d 


MgZr0 2 


35 


e 


Ce0 2 


35 


f 


b/a (two later structure) 


35/35 


g 


c/a (two later structure) 


35/35 


h 


d/a (two later structure) 


35/35 


i 


e/a (two later structure) 


35/35 



0028 

Tests of resistance to formation of carbon deposits 

Figure 2 shows the relationship between the amount of carbon deposit formed (amount 
of deposit per unit mass contact cracked) and the reaction temperature in the steam 
reforming reaction on methane. The reaction conditions were S/C = 1, GHSV (space 
velocity) = 14900 fr 1 and reaction time was 20 h. S/C = 1 generally produces rather 
heavy carbon deposits, but in the case of the practical embodiments, carbon deposits 
were further forced and the differences in resistance to carbon deposits between the 
fuel electrode materials were then examined. It will be evident from Figure 2 that no 
carbon was formed when any of the electrode materials were used at temperatures of 
not more than 700° C, but that carbon deposits increased rapidly once the temperature 
exceeded 700° C. However, in all the electrode materials envisaged by the present 
invention, (b) Ni + MgAI 2 0 4 , (c) Ni + MgTi0 2> (d) Ni + Mg Zr0 2 and (e) Ni + Ce0 2 , the 
amounts of carbon deposits plateaued after a temperature of 800° C was exceeded. 
On the other hand, (a) Ni + YSZ electrode material of the prior art exhibited a simple 
increase in the amount of carbon deposits even at a temperature of not less than 800° 
C. Thus, whereas carbon was more readify deposited as the temperature was 
increased in steam reforming reactions with low S/C ratios, the introduction of basic 
aggregates as envisaged by the present invention led to the restriction of carbon 
deposits. More particularly, the fuel electrode materials envisaged by the present 
invention are considered to have been effective in resisting the deposition of carbon in 
internal reforming from reaction temperatures of between 900° C and 1000° C, which 
were equivalent to SOFC operating temperatures. 

0029 

Figure 3 and Figure 4 show scanning electron microscope (SEM) photographs of typical 
porous fuel electrode layer/YSZ (electrolyte) substrate boundary surfaces after the 
completion of the internal reforming reaction experiments. The reaction conditions in 
these cases were similar to those described above except that the temperature was 
1000° C. The photograph in Figure 3 shows the boundary surface between (a) the Ni + 
YSZ electrode layer and the YSZ electrolyte substrate, and Figure 4 shows the 
boundary surface of (b) the Ni + MgAI 2 0 4 electrode layer. Fibrous carbon deposits of 
approximately 1 /an were detected in the electrode pores at the Ni + YSZ fuel electrode 
boundary layer (white portions). However, no such deposits were detected at all at the 
Ni + MgAI 2 0 4 fuel electrode layer boundary surface, with the fresh porous structure prior 
to reforming having been maintained. For reference, Figures 5 to 7 are SEM 
photographs of observations of the fibrous carbon detected in the pores of the Ni + YSZ 
f ue | electrodes at high magnifications of 10>000x, 20,000x and 35,000x. The fibrous 
carbon grew from the Ni electrode particles as nuclei and was generally found to form 
clusters. Even though at the early growth stage, the deposits of these carbon fibres 
gradually eliminated the reactive surfaces of the Ni as reaction time extended and 
accelerated the deterioration of reforming reactivity and electrode reactivity as will be 
explained below. 
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0030 

Tests on reactivity of fuel electrodes 

In this case, cells were prepared as shown in Figure 8 by method described under 
Manufacture of fuel electrodes in order to evaluate the fuel electrode reactivity when 
internal reforming was performed in the fuel cells. Thus air electrodes 9 and fuel 
electrodes (Ni + YSZ) 7 were formed on the two sides of the solid electrolyte (YSZ) 6, 
reforming layers 8 were formed on the fuel electrodes 7 and reference electrodes 10 
were attached to portions of the fuel electrodes 7 to provide a three terminal structure. 
Complex electrically conductive perovskite oxide materials (LaMn0 2 ) are commonly 
employed were employed for the air electrode materials, but Pt was employed in this 
case. The characteristics of the fuel electrodes were evaluated separately from the air 
electrodes in the three terminal model so that there would be effect from the material of 
the opposite pole. Pt was employed for the reference electrode, and the atmosphere 
was maintained constantly as air. 

0031 

Figure 9 and Figure 10 show the current - potential characteristics of the fuel 
electrodes when CH 4 and steam were supplied at S/C = 1 (100 cc/min). The electrode 
potential represented by the horizontal axis is the relative potential between the fuel 
electrode and the reference electrode, and hence this is equivalent to the balance 
electromotive force in a single fuel cell in a no load state (current = 0) (-0.9 V in the 
drawings). This electromotive force is substantially constant regardless of the fuel 
electrode material and matches the equilibrium reaction constant for the H 2 /CO/C0 2 /H 2 
gas generated in the steam reforming reactions. Figure 9 illustrates the particular 
properties of each of the fuel electrode materials. It will be evident from the drawing 
that the highest current density was obtained with the Ni + YSZ fuel electrodes (a) of 
the prior art and that the overvoltage loss therefrom was the lowest (electrolyte and so 
forth IR loss was substantially equivalent in each cell). The electrode potential 
increases as the overvoltage loss decreases, and the output of the cell itself increases. 
In the drawing, the fuel electrodes using MgAI 2 0 4 (b) and MgOTi0 2 (c) as basic 
electrode aggregates yielded only approximately half the current density of the prior art. 
It is considered that this was due to the Ni + YSZ fuel electrodes being highly 
advantageous in performance as explained under the principles of action. However, as 
can be seen from Figure 10, the two layer structure fuel electrodes (f), (g), (h) and (i) 
envisaged by the present invention, being provided with first layers of Ni + YSZ 
electrodes, provided electrode properties equivalent to those of the prior art, and are 
considered to have adequately solved the aforementioned problem. 

0032 

Tesfs on deterioration of fuel electrode potential over time 

Figure 11 is the results of a comparison of the deterioration over time of the fuel 
electrode potential during power generation by actual internal reforming type fuel cells. 
The operating conditions were equivalent to the conditions shown for the tests of the 
fuel electrode reaction properties above, with the fuel electrode potential being the 
value with an output current density of 150 mA/cm 2 . The Ni + YSZ fuel electrode (a) of 
the prior art gave a value of approximately 0.6 V at the commencement of power 
generation, but this gradually declined, and fell to approximately 0.5 V after the passage 
of 200 hours. On the other hand, the single fuel electrodes using basic aggregates 
(MgAI 2 0 4 and MgO«2Ti0 2 ) (b) and (c) provided low values for current potential of 0.2 V, 
but this exhibited virtually no deterioration over time. Moreover the single electrodes 
using MgOZr0 2 and Ce0 2 aggregates (d) and (e) also exhibited lower initial potentials 
than did the electrodes of the prior art, but exhibited no fluctuations over time, of 200 
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hours, provided electrical potentials that were in fact slightly higher than did the 
electrodes of the prior art. The deterioration over time in the performance of the Ni + 
YSZ electrodes was shown in the discussion of resistance to carbon deposits above, 
and was due to the deposition of carbon. On the other hand, the two layer structure 
fuel electrodes envisaged by the present invention (f), (g), (h) and (i) consistently 
maintained the electrical potential attained by the Ni + YSZ at the commencement of 
power generation after the passage of 200 hours. Thus the use of the two layer 
electrode structure for the fuel electrode, with the first layer being a Ni + YSZ electrode 
and the second layer being Ni + basic aggregate, as envisaged by the present 
invention, enables the resolution at once of the problems of the formation of carbon 
deposits and of high performance of the electrodes in the internal reforming process. 

0033 

Effects of the invention 

The present invention employs a single body with separation type two layer structured 
electrode in which a Ni + YSZ electrode acts as a electrode reaction active layer and a 
Ni + basic aggregate electrode acts as a reforming catalyst active layer as described 
above, which avoids direct contact between the hydrocarbons and the electrode 
reaction active layer, enables a high level of activation of the electrode reactions 
between the quasi-reformed hydrogen and the oxygen ions, and in which the fuel cell 
electrode performance is further able to prevent deterioration in fuel cell performance. 
Moreover, the present invention takes into account the problem of preventing carbon 
deposits in the internal reforming electricity generators of the prior art, and is able to 
improve electricity generating efficiency from generally from 40% to 45% to 50%. 
Furthermore, the present invention can be applied to fuel cells for the electric power 
industry that are intended to use coal gasification gas, and is particularly effective in 
dealing with SOx. 

Simplified description of the drawings 

Figure 1 is a schematic drawing showing an expanded cross section of a fuel cell being 
a first practical embodiment of the invention. 

Figure 2 is a graph showing the correlation between the steam reforming temperature 
and the amount of carbon deposited on the electrode material obtained in an actual fuel 
cell 

Figure 3 is a SEM photograph showing the metallic microstructure at the boundary 
surface between the Ni + YSZ porous electrode layer and the YSZ electrolyte substrate 
of the prior art. 

Figure 4 is a SEM photograph showing the metallic microstructure at the boundary 
surface between the Ni + MgAI 2 0 4 porous electrode layer and the YSZ electrolyte 
substrate of a practical embodiment of the present invention. 

Figure 5 is a SEM photograph of the metallic microstructure magnified 10,000 times of 
the porous electrode layer of Figure 3. 

Figure 6 is a SEM photograph of the metallic microstructure magnified 20,000 times of 
the porous electrode layer of Figure 3. 

Figure 7 is a SEM photograph of the metallic microstructure magnified 35,000 times of 
the porous electrode layer of Figure 3, 

Figure 8 is a cross-sectional drawing of a cell for the evaluation of fuel electrode 
reactivity. 

Figure 9 is a graph showing the electrode characteristics of a single layer fuel electrode. 
Figure 10 is a graph showing the electrode characteristics of the two layer structured 
fuel electrodes envisaged by the present invention. 
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Figure 1 1 is a graph showing the deterioration over time in the fuel electrode potential in 
an internal reforming type fuel cell electricity generator 

Figure 12 is a schematic drawing showing the cross-sectional structure of a SOFC. 
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Figure 5 
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